Spliceosomal introns are hallmarks of most eukaryotic genomes and are excised from premature mRNAs by a spliceosome that is among the largest, and most complex, molecular machine in cells [1] . The divergent unicellular eukaryote Giardia intestinalis, the causative agent of giardiasis, also possesses spliceosomes, but only four canonical (cis-spliced) introns have been identified in its genome to date [2] [3] [4] . We demonstrate that this organism has a novel form of spliceosome-mediated trans-splicing of split introns that is essential for generating mature mRNAs for at least two important genes: one encoding a heat shock protein 90 (HSP90), which controls the conformation of a suite of cellular proteins [5] , and the other encoding a dynein molecular motor protein, involved in the motility of eukaryotic flagella [6] . These split introns have properties that distinguish them from other trans-splicing systems known within eukaryotes, suggesting that Giardia independently evolved a unique system to splice split introns.
Results and Discussion
Maturation of the mRNA for Heat Shock Protein 90 (HSP90) Requires trans-Splicing We found that sequences corresponding to the N-and C-terminal halves of an HSP90 protein were encoded by gene pieces from two distinct regions on the same strand of a chromosome, separated by 0.8 Mbp, in Giardia intestinalis strain WB ( Figure 1A ). This observation is unusual because the entire HSP90 protein is encoded by a single open reading frame (ORF) in diplomonad protists including Spironucleus vortens [7] , and Hexamita inflata [8] , as well as their free-living relatives Carpediemonas membranifera [9] and Kipferlia bialata (unpublished data).
Surprisingly, however, we detected a complete poly-A+ mRNA encoding the entire Giardia HSP90 in one piece by RT-PCR ( Figure 1B ), as well as by northern hybridization (see Figure S1 available online). Independent of our experiments, transcripts derived from the complete mRNA for the entire HSP90 were also identified in a Giardia EST library (e.g., EV510245; GiardiaDB: http://www.giardiadb.org/giardiadb/).
We also identified two distinctive premature mRNAs (premRNAs) that corresponded to the N-terminal and C-terminal halves of HSP90-N-terminal and C-terminal pre-mRNAsby northern hybridization ( Figure S1 ) and rapid amplification of cDNA ends (RACE) analyses (data not shown). We experimentally confirmed that the 3 0 ends of the two pre-mRNAs were polyadenylated (data not shown) by a self-ligation assay followed by a subsequent RT-PCR assay that did not involve poly-dT-based priming [10] . Because the Giardia genome encodes two segments corresponding to the N-terminal and C-terminal pre-mRNAs but lacks an intact ORF encoding HSP90, we hypothesized that the two pre-mRNAs were independently transcribed and somehow processed to form a single, mature mRNA. Closer comparison between genomic and mRNA sequences revealed that the 3 0 noncoding region of N-terminal pre-mRNA possessed 5 0 -GUAUGUU-3 0 at the spliced site, which is identical to a conserved sequence motif in the 5 0 region of four spliceosomal introns previously found in G. intestinalis (Figure 2A ) (see also [2] [3] [4] ). Likewise, the 5 0 noncoding region of C-terminal pre-mRNA and the 3 0 region of Giardia introns shared a conserved branchpoint sequence, 5 0 -UAACUAACACGCAG-3 0 , at the spliced site ( Figure 2A ). These intron-like sequence motifs suggested that the mature mRNA for HSP90 could be assembled by spliceosome-mediated trans-splicing of N-and C-terminal pre-mRNAs. Furthermore, we detected complementary regions of the noncoding regions on the two pre-mRNAs, suggesting that a 26 bp long intermolecular paired stem structure (Figure 2A ) is important for the two pre-mRNAs to recognize each other and form a stable complex during the splicing reaction.
The canonical spliceosome-mediated cis-splicing reactions generate a lariat structure in the intron that has a characteristic 2 0 -5 0 phosphodiester link between the guanine at the 5 0 end and the adenosine at the branchpoint sequence [11] . To test for a similar splicing product for the HSP90 mRNA maturation, we employed RT-PCR to amplify a cDNA fragment of the branchpoint sequence corresponding to the 5 0 noncoding region of C-terminal pre-mRNA attached to the 3 0 noncoding region of N-terminal pre-mRNA ( Figure S2A ). This chimeric fragment can only be amplified from a Y-branched RNA species, whereby the noncoding regions of the two pre-mRNAs were connected to one another via a 2 0 -5 0 phosphodiester link-one of the two end products from spliceosome-mediated splicing (Figure 3) . Henceforth, here the 3 0 noncoding region of N-terminal pre-mRNA and 5 0 noncoding region of C-terminal pre-mRNA as a whole are designated as a split intron.
In addition to G. intestinalis strain WB (assemblage A), genome sequences of G. intestinalis strains belonging to assemblages B and E (two of eight known strain assemblages of this species [12, 13] ) are available at GiardiaDB. We investigated these G. intestinalis genomes and found that their genes for HSP90 are split precisely at the same sites as the gene in the WB strain, and are also separately encoded at distant loci. Interestingly, they possess characteristic intron-like sequence motifs and can fold putative intermolecular stem structures in their putative split intron regions, although there are several substitutions in the stem region relative to the WB sequences that do not disrupt the structures (Figure 2A ; see also Table S1 ). The characteristics of the noncoding regions in N-terminal and C-terminal pre-mRNAs are highly constrained both functionally and structurally to preserve spliceosome-mediated trans-splicing for HSP90 between the strains belonging to the relatively distantly related assemblages A and B [14] .
Split Introns in a Dynein Gene
To test whether the split intron in the hsp90 gene was one example of a more general class of introns in the G. intestinalis strain WB, we searched the genome for the intron consensus sequences. We identified two additional putative split introns in the gene encoding a dynein heavy-chain protein called outer-arm dynein b (OADb). The coding region for OADb appears to be split into four pieces: one for the N-terminal portion (OADb-N), and three for the C-terminal portion See also Figure S1 and Tables S1 and S2 .
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* * * * * * * * * * * * * * * (+36) (OADb-C1, OADb-C2, and OADb-C3), as shown in Figure 1C (note that OADb-N is not shown in this figure; see below). We identified that poly A+ RNA species were independently transcribed from the four regions by 5 0 and 3 0 RACE analyses (data not shown). Furthermore, our RT-PCR assay revealed that the OADb-C1, -C2, and -C3 were posttranscriptionally processed into a single mature mRNA species in this order ( Figure 1D ). We were unable to amplify any DNA fragments including OADb-N and OADb-C1 in a similar RT-PCR assay (data not shown), indicating that the N and C termini of OADb are likely encoded on two independent mature mRNAs. In support of this, neither intron-like sequence motifs nor a putative intermolecular paired stem structure was identifiable at the 3 0 and 5 0 noncoding regions of OADb-N and OADb-C1, respectively. Investigation of the diplomonad S. vortens genome indicates that it likely also possesses bipartite OADb proteins but seemingly bears neither canonical nor split introns in the corresponding ORFs. OADb-N and continuous OADb-C in S. vortens are encoded in the scaffold 103 positions 50718-44420 and the scaffold 61 positions 49278-41597 of the S. vortens genome, respectively, although the 5 0 terminus of the gene for OADb-N is not determined due to unsequenced region (Joint Genome Institute, http://genome.jgi-psf.org/Spivo0/Spivo0.home.html).
In contrast, the noncoding regions of OADb-C1, C2, and C3 pre-mRNAs do possess conserved G. intestinalis cis-splicing intron motifs ( Figures 2B and 2C) . Furthermore, OADb-C1 and C2, and OADb-C2 and C3 can also associate via putative base paired stem structures ( Figures 2B and 2C) . We identified similar gene structures and sequence characteristics of the OADb gene in the other two G. intestinalis strains (Figures 2B  and 2C ; Table S2 ) that, again, showed conservation of the intermolecular stem structure over evolutionary time.
Using RT-PCR, we were able to amplify the Y-branched RNA-splicing products, whereby the noncoding regions of OADb-C1 and C2 pre-mRNAs, and those of OADb-C2 and C3 pre-mRNAs, were connected to one another via 2 0 -5 0 phosphodiester linkages ( Figures S2B and S2C) . Collectively, these data indicate that spliceosome-mediated trans-splicing allows the polyA+ pre-mRNAs transcribed from OADb-C1, C2, and C3-encoding regions to be processed into a mature mRNA for the C-terminal region of OADb in G. intestinalis.
Characteristics of the trans-Splicing Mechanism in Giardia trans-splicing has been documented in a phylogenetically broad range of eukaryotes [15] [16] [17] [18] . Based on differences in splicing mechanism, trans-splicing in eukaryotes described to date can be classified into three major types: (1) splicedleader (SL) trans-splicing, (2) alternative trans-splicing, and (3) organellar trans-splicing. SL trans-splicing is the spliceosomal transfer of a short noncoding RNA sequence (spliced leader) to the 5 0 end of pre-mRNA molecules [17] , being distinct from the trans-splicing that takes place between two Giardia pre-mRNAs of a particular protein. Alternative splicing catalyzed by the spliceosomes exchanges exons on two different pre-mRNA species, or alters exon compositions on a single pre-mRNA species, to increase mRNA variation [18, 19] . Considering the core functions of HSP90 and dynein, Giardia is unlikely to require multiple variant forms of hsp90 or OADb mRNAs, and thus the splicing of split introns in the two Giardia genes does not have the principal aspect in alternative splicing. Finally, trans-splicing in organelles occurs between transcripts derived from scrambled gene fragments flanked by discontinuous self-splicing group I or group II introns, and no spliceosome involved in this reaction [15, 16] . Thus, the spliceosome-mediated trans-splicing for the two nuclear genes in Giardia is primarily different from any trans-splicing found in organellar genomes.
A novel trans-splicing mechanism, which may belong to none of the three major types of splicing mechanisms (see above), was recently reported in Caenorhabditis elegans. A mature mRNA for ERI-6/7, a superfamily I helicase involved in RNAi pathway, appeared to be generated by spliceosomemediated trans-splicing between two independent premRNAs, which most likely interact with each other via an intermolecular stem structure derived from direct repeats located between eri-6 and eri-7 loci [20] . ERI-6/7 trans-splicing in C. elegans is therefore strikingly similar to the trans-splicing we describe for hsp90 and OADb mRNAs in Giardia in forming the secondary structure between two pre-mRNA species. It is quite intriguing how two trans-splicing mechanisms, in which two pre-mRNAs form an intermolecular stem structure during trans-splicing reaction, have independently emerged in the two distantly related branches leading to Giardia and C. elegans in eukaryotic evolution. Significantly, because there is no evidence that the same mechanism for ERI-6/7 trans-splicing is utilized for other mRNAs in C. elegans, this particular trans-splicing mechanism is likely exclusively dedicated for ERI-6/7 processing. In contrast, in Giardia, mRNAs for two functionally unrelated proteins (HSP90 and OADb) are trans-spliced by the same mechanism, so that this mechanism is likely integrated into the main body of RNA processing in Giardia, rather than an exceptional tool developed for maturation of a particular mRNA.
Implications for Genome Evolution and Spliceosomal Organization in Giardia
Although Giardia has been intensively investigated as a human pathogen, as well as a candidate ancient eukaryote lineage, the split introns in two genes encoding highly conserved HSP90 and OADb proteins were overlooked until now. We anticipate that additional split introns (and canonical introns) will be found by in-depth searches for multiple discontinuous ORFs in G. intestinalis genome that in other organisms are highly conserved proteins encoded by single loci. A potential difficulty is that 64% of all ORFs in G. intestinalis genome [2] show no sequence similarity to any previously known proteins, and identifying split introns in these hypothetical ORFs will be rather difficult because there is no recognizable intact copy of the homologous gene. One way forward would be to investigate the genomes of related diplomonads such as Spironucleus salmonicida [21] and Spironucleus vortens (http://genome.jgi-psf.org/) to determine whether they encode intact diplomonad-specific homologous ORFs that are conserved, but split, in Giardia and/or determine whether they too possess split introns in highly conserved genes that are intact in Giardia. So far, no split introns have been reported in other diplomonads or their close relatives, but this may in part be due to the fact that no one knew to search for them. It is crucial to further characterize the phylogenetic diversity of related organisms that possess split introns in order to pinpoint when this system evolved.
We anticipate that additional canonical and split introns will be also detected in the Giardia genome by further extensive surveys. However, it is noteworthy that the number of split introns that we report is close to that of canonical introns so far identified in multiple surveys: three split versus four canonical introns [2] [3] [4] . Therefore, the true number of split introns is unlikely to be much smaller than the true number of canonical introns in Giardia genome, and thus a major function of spliceosomes in these cells is trans-splicing (i.e., excision of split introns and conjugation of exons). One possibility is that the spliceosomes in Giardia may change subunit composition depending on the type of splicing reaction they facilitate (i.e., cis-versus trans-splicing), as documented in nematodes and trypanosomatids [22, 23] . In any case, future biochemical and structural experiments will be needed to understand the structural differences, particularly the differences in subunit composition, between Giardia spliceosomes and human/yeast spliceosomes extensively studied to date. Any trans-splicing dedicated spliceosomal subunits exclusively found in Giardia spliceosomes would provide excellent targets against which anti-parasitic drugs could be designed.
Experimental Procedures
Cells, DNA and RNA Extraction, and Reverse Transcriptase Reactions Cultivation and genomic DNA (gDNA) extraction of G. intestinalis strain WB, clone 6 (ATCC30957) was performed as in references [24, 25] . Total RNA was extracted using the RNeasy Plant Mini Kit (QIAGEN) and was reverse transcribed into cDNA using a poly(dT) primer with the 3 0 RACE system (Invitrogen). Two primers were designed based on the initially obtained cDNA sequences of the complete genes, and used for the 5 0 and 3 0 RACE experiments.
Northern Hybridization Assay for hsp90 mRNAs Total RNA was isolated by TRIzol (Invitrogen) following to the manufacturer's instructions. Approximately 10 mg of total RNA was electrophoresed on a formaldehyde/agarose gel and transferred to a Hybond-N + membrane (GE Healthcare). Digoxigenin-labeled probes specific to sequences for HSP90-N, HSP90-C, and covering both regions were prepared using cDNA, exact match primers, and PCR DIG Probe Synthesis Kit (Roche). Detection of the RNA-Splicing Intermediates SuperScript II used for the 3 0 RACE experiments (Invitrogen) can reverse transcribe RNAs joined by a 2 0 -5 0 phosphodiester linkage [11, 26] . Thus, the cDNA sample synthesized for the 3 0 RACE experiments likely included the single-strand DNA for an RNA-splicing by-product species with a 2 0 -5 0 link between 5 0 terminus of the 3 0 noncoding region of N-terminal premRNA and the adenosine within the branchpoint-like sequence in Cterminal pre-mRNA. These fragments were amplified in two steps (Figure S2) . The first PCR was conducted with the cDNA sample as the template and a pair of two split intron-specific primers N1 and C1 ( Figure S2) . A second nested PCR with N2 (or N1) and C2 primers utilized the first PCR products as a template. The resulting DNA fragments were cloned and sequenced.
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